Introduction {#Sec1}
============

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel enveloped RNA betacoronavirus that emerged in December 2019 in Wuhan, China, and is the cause of coronavirus disease 2019 (COVID-19). The most frequent clinical presentation of severe COVID-19 is pneumonia with fever, cough and dyspnoea. The Chinese Center for Disease Control and Prevention reported that of 44,500 confirmed infections the majority of infected patients (80%) experienced mild disease (with either no or only mild pneumonia), 14% developed severe disease (with dyspnoea, hypoxia or greater than 50% lung involvement on imaging tests) and 5% developed critical disease (characterized by respiratory failure, systemic shock or multi-organ failure)^[@CR1]^. Approximately 20--30% of patients who have been hospitalized with COVID-19-associated pneumonia have required intensive care for respiratory support^[@CR2],[@CR3]^. Acute respiratory distress syndrome (ARDS) is a common complication of severe viral pneumonia, including pneumonia caused by highly pathogenic coronaviruses such as SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV)^[@CR4]^. In a group of 1,099 patients hospitalized with COVID-19, ARDS was reported to occur in 15.6% of patients with severe pneumonia^[@CR5]^. A recent study from the New York area, which has emerged as the epicentre of the pandemic in the United States, reported that of 2,634 patients who were hospitalized with confirmed COVID-19 between 1 March and 4 April 2020, 14.2% of patients were treated in intensive care units (ICUs), 12.2% of patients required invasive mechanical ventilation and 21% of patients died. Mortality for those requiring mechanical ventilation was 88.1%^[@CR6]^.

The factors that trigger severe illness in individuals infected with SARS-CoV-2 are not completely understood and the development of severe disease does not seem to be solely related to viral load and could involve a defective interferon response^[@CR7]^. An excessive inflammatory response to SARS-CoV-2 is thought to be a major cause of disease severity and death in patients with COVID-19 (ref.^[@CR8]^) and is associated with high levels of circulating cytokines, profound lymphopenia and substantial mononuclear cell infiltration in the lungs, heart^[@CR9]^, spleen, lymph nodes and kidney^[@CR10],[@CR11]^, as observed in post-mortem analysis.

Given that the morbidity and mortality seen in COVID-19 is associated with excessive inflammation, a better understanding of the immunological underpinnings of the differential responses seen in patients infected with SARS-CoV-2 is necessary to better identify therapeutic targets. Dozens of immunomodulatory agents are rapidly going into clinical trials as well as already being used routinely in the clinic in an off-label manner. Without a thorough understanding of which particular inflammatory pathways and cell types represent the best targets, some of these strategies could have detrimental effects in certain patients and/or at different stages of COVID-19 disease. In this Progress article, we discuss the nature of the inflammatory responses that have been detected so far in patients with COVID-19; in particular, we highlight the emerging roles of monocytes and macrophages in the pathology of COVID-19.

Hyperinflammation in severe COVID-19 {#Sec2}
====================================

Almost all patients with COVID-19 present with lung involvement, as evidenced by chest radiography, whereas severe complications --- such as ARDS and death --- are only observed in a subgroup of patients. Although observational studies reported older age and the presence of comorbidities as risk factors for increased disease severity in patients with COVID-19, it rapidly became clear that severe disease can also occur in younger patients with no pre-existing medical conditions. Higher levels of inflammatory markers in blood (including C-reactive protein, ferritin, and D-dimers), an increased neutrophil-to-lymphocyte ratio^[@CR1],[@CR12],[@CR13]^ and increased serum levels of several inflammatory cytokines and chemokines^[@CR3],[@CR14]--[@CR17]^ have been associated with disease severity and death. The systemic cytokine profiles observed in patients with severe COVID-19 show similarities to those observed in cytokine release syndromes, such as macrophage activation syndrome, with increased production of cytokines such as IL-6, IL-7 and tumour necrosis factor (TNF) and also of inflammatory chemokines including CC-chemokine ligand 2 (CCL2), CCL3 and CXC-chemokine ligand 10 (CXCL10), as well as of the soluble form of the α-chain of the IL-2 receptor. This has led to the hypothesis that dysregulated activation of the mononuclear phagocyte (MNP) compartment contributes to COVID-19-associated hyperinflammation^[@CR8],[@CR18]^. Levels of IL-6 are often increased in the sera of patients with severe disease, but most studies (including unpublished observations from our own laboratories; M.M and J.C.M.) have not seen increased serum IL-1β levels in patients with COVID-19, including in patients with severe disease. Whether the discrepancy between IL-6 and IL-1β levels seen in patients with COVID-19 reflects technical limitations or localized tissue production of cytokines or indicates the absence of inflammasome activation requires further clarification. Measurement of systemic IL-18 as well as local measurement of IL-1β and IL-18 should better assess the role of inflammasome activation in COVID-19 pathophysiology

As is seen in infections with other highly pathogenic human coronaviruses, a common feature in many patients with COVID-19 is the presence of a global T cell lymphopenia, which is more pronounced in the CD8^+^ T cell compartment and is particularly prominent in patients with severe disease. Although it is possible that the reduced levels of circulating T cells in patients may reflect their massive recruitment to inflamed tissues or the use of steroid treatment to mitigate inflammation, some studies have reported significant T cell depletion from the secondary lymphoid organs of patients infected with SARS-CoV and SARS-CoV-2 (refs^[@CR10],[@CR19]^). The potential mechanisms responsible for T cell depletion are still poorly understood but are not likely to be related to direct infection of T cells by the virus, at least in the case of patients with COVID-19 for which no evidence supports possible T cell infection by SARS-CoV-2 (ref.^[@CR10]^). Serum levels of TNF, IL-6 and IL-10 negatively correlated with T cell numbers^[@CR20]^. In situ terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining revealed high levels of lymphocyte apoptosis in the spleens and lymph nodes of patients who had died from COVID-19, and this was associated with increased expression of the death receptor FAS, suggesting that activation-induced cell death (AICD) may cause T cell lymphopenia^[@CR10]^. Because T cells exert major functions in viral containment and clearance, further exploration to clarify whether T cell AICD is antigen-induced and/or increased by macrophage-derived cytokines such as IL-6 will be important.

Trials to block IL-6 signalling have been launched across the world and some clinical benefits have been seen in a subset of patients. A study from China reported a clear benefit in 15 of 20 (75%) patients treated with IL-6 blockade, leading to FDA approval of IL-6 blockade in patients with COVID-19 (ref.^[@CR21]^). A more recent study from Italy reported a benefit in only 7 of 21 (33%) patients^[@CR22]^. Neither of these studies had control arms and very few data are available on the exact clinical and inflammatory status of patients who responded versus those who did not. Several groups across the world have now initiated clinical trials combining IL-6 receptor and IL-1β blockade in patients with COVID-19. Hopefully, careful immune monitoring of responders and non-responders will reveal immune correlates of response or resistance to cytokine blockade and shed light on the pathophysiology of the COVID-19-associated inflammatory response. Measuring the prevalence and severity of disease seen in patients with COVID-19 who are on immunomodulatory biologics for other comorbidities will also help us to understand whether blockade of particular immune pathways can modulate COVID-19 disease outcomes; examples include patients on anti-TNF, anti-IL-4 receptor, anti-IL-12/23, anti-IL-17A and Janus kinase (JAK) inhibitors, as well as those receiving drugs that interfere with leukocyte migration (for example, α4β1 integrin, α4β7 integrin and S1PR inhibitors) and T cell co-stimulation. These patients will provide important additional insights on the disease pathophysiology of COVID-19.

Monocytes/macrophages in COVID-19 {#Sec3}
=================================

Bronchoalveolar fluid (BALF) from patients with severe COVID-19 was shown to be enriched in CCL2 and CCL7, two chemokines that are most potent at the recruitment of CC-chemokine receptor 2-positive (CCR2^+^) monocytes^[@CR23]^. Accordingly, single-cell RNA sequencing (scRNA-seq) analysis of BALF collected from patients with severe or mild COVID-19 revealed increased proportions of MNPs, with these cells accounting for as much as 80% of total BALF cells in patients with severe COVID-19 compared with only approximately 60% and 40%, respectively, of total BALF cells in patients with mild disease or healthy controls^[@CR24]^. MNP composition was further characterized by a depletion of tissue-resident alveolar macrophages and an abundance of inflammatory monocyte-derived macrophages in patients with severe disease^[@CR24]^. Inflammatory programmes seen in these macrophages^[@CR24]^ were consistent with findings from bulk RNA-seq analysis of BALF^[@CR23]^ from patients with severe COVID-19, and notably both studies identified a strong interferon gene signature. In addition, a subset of macrophages has been described in patients with COVID-19 that is enriched in genes associated with tissue repair and promotes fibrosis generation, such as is seen in liver cirrhosis^[@CR25]^. This suggests that the pathogenicity of infiltrating macrophages could extend beyond the promotion of acute inflammation and is also in line with the fibrotic complications observed in patients under mechanical ventilation^[@CR26]^.

Interestingly, clonal expansion of subsets of CD8^+^ T cells with a tissue-resident memory T cell gene signature was observed in the BALF of patients with mild COVID-19, in which inflammatory monocyte infiltration was minimal. These results could suggest that pre-existing populations of tissue-resident memory T cells with potential cross-reactivity against SARS-CoV-2 enable rapid control of the virus and protect against disease progression by limiting epithelial damage, local inflammation and accumulation of pathological macrophage populations. While this hypothesis remains to be addressed, epidemiological studies have reported that prior Bacillus Calmette--Guérin vaccination may protect from COVID-19, leading several countries to launch clinical trials testing the protective benefit of intracutaneous administration of Bacillus Calmette--Guérin vaccine in health-care workers (ClincialTrials.gov identifiers NCT04328441 and NCT04327206).

A significant expansion of populations of CD14^+^CD16^+^ monocytes producing IL-6 was also observed in the peripheral blood of patients with COVID-19 in ICUs compared with those patients who did not require ICU hospitalization^[@CR27],[@CR28]^, a finding also supported by scRNA-seq analysis of peripheral blood mononuclear cells^[@CR29]^ and our personal observations (J.C.M. and R. Josien, unpublished observations).

In addition, immunostaining of post-mortem tissue from patients who had died from COVID-19 revealed that populations of CD169^+^ lymph node subcapsular and splenic marginal zone macrophages express the SARS-CoV-2 entry receptor ACE2 and that these macrophages contained SARS-CoV-2 nucleoprotein (NP)^[@CR10]^. This finding is surprising given that scRNA-seq analysis of human tissues failed to identify ACE2 expression on most tissue-resident macrophages, including on secondary lymphoid tissue-resident macrophages (M.M., E. Kenigsberg and A. Leader, unpublished observations). However, it is possible that ACE2 expression on macrophages can be triggered by inflammatory signals such as type I interferon^[@CR30]^. It is also possible that additional receptors such as CD147 (ref.^[@CR31]^) are involved in virus entry. Although SARS-CoV-2 NP was detected in secondary lymphoid tissue macrophages^[@CR10]^, it is still unclear whether the virus productively infected these cells or whether the NP positivity reflected macrophage uptake of other infected cells. Macrophages that contained SARS-CoV-2 viral particles were found to express IL-6, and the presence of IL-6^+^ macrophages was associated with severe depletion of lymphocytes from the spleen and lymph nodes^[@CR7]^. CD68^+^NP^+^ macrophages were also observed in the kidneys of patients with COVID-19, and acute kidney tubular damage was associated with marked accumulation of monocytes and macrophages^[@CR8]^. These preliminary findings in patients with COVID-19 are in line with the pathology observed in post-mortem tissues obtained from patients infected with SARS-CoV. The disease pathology seen in these patients is also characterized by damage to the lungs consistent with ARDS, focal necrosis and lymphocytic and monocytic infiltration into the lungs, heart, kidney, liver and muscles, as well as massive necrosis of the spleen and focal necrosis of lymph nodes^[@CR32]^.

The exact drivers of monocyte and macrophage activation in COVID-19 and the contribution to COVID-19 disease pathophysiology remain to be clarified. Key questions to address include: one, the exact contribution of direct viral sensing as opposed to cytokine exposure to macrophage activation; two, the influence of prior infections and epigenetic remodelling events in shaping monocyte responsiveness^[@CR33]^; three, the contribution of the tissue site of immune activation (that is, the inflamed tissue, blood or bone marrow) to macrophage activation state; and four, the contribution of tissue-resident macrophages as opposed to monocyte-derived macrophages to tissue damage.

Macrophage activation in SARS {#Sec4}
=============================

A similar disease course to that seen during SARS-CoV-2 infection has been described during infection with other highly pathogenic coronaviruses, such as SARS-CoV and MERS-CoV, with 20% of patients ultimately progressing to fatal ARDS. Extensive cellular infiltration dominated by macrophages was found in post-mortem lungs from these patients. Similar to what has been reported in SARS-CoV-2, high levels of interferon-γ (IFNγ), IL-6, IL-12, transforming growth factor-β (TGFβ), CCL2, CXCL10, CXCL9 and IL-8 were reported in patients with SARS-CoV. However, in contrast to patients infected with SARS-CoV-2, low levels of IL-10 and high levels of IL-1β were often detected in SARS-CoV. Of note, while infection of MNPs is abortive in SARS-CoV, MERS-CoV can replicate in monocytes, macrophages and dendritic cells^[@CR4]^. As mentioned above, SARS-CoV-2 viral particles were detected in MNPs but evidence of productive infection remains to be demonstrated.

The factors that drive severe lung pathology during infection with highly pathogenic human coronaviruses are poorly understood. Potential mechanisms include high rates of viral replication, which could be responsible for enhanced host cell cytolysis and the strong production of inflammatory cytokines and chemokines by infected epithelial cells; delayed induction of antiviral interferon responses owing to virus escape mechanisms, such as production of interferon inhibitory proteins, which perpetuates virual damage, leading to excessive accumulation of monocytes, macrophages and neutrophils in the lungs^[@CR4]^; or modulation of the ACE2-mediated epithelial protective pathway upon virus binding to its receptor^[@CR34]^. Although viruses have evolved many mechanisms to block type I interferon production in infected cells^[@CR35]^, it is surprising that reduced interferon activity can persist in patients with COVID-19 who show massive inflammatory responses^[@CR7]^; this suggests that additional pathways, such as inflammasome activation, could contribute to the persistent low level of type I interferon induction, as was recently shown^[@CR36]^. Identifying the exact mechanisms that contribute to reduced type I interferon activity will be critical for the development of targeted immunomodulatory strategies in patients with COVID-19.

Studies in animal models of virus-induced acute lung injury (ALI) suggest that several pathways drive pro-inflammatory programmes, including the infiltration of monocytes. For example, sustained activation of infiltrating monocytes and monocyte-derived macrophages could be driven by type I interferon^[@CR37]^, oxidative stress^[@CR38],[@CR39]^, anti-spike protein IgG immune complexes^[@CR40]^ and NLRP3 inflammasome activation^[@CR41],[@CR42]^. Interestingly, however, deletion of the Toll-like receptor (TLR)/IL-1 receptor adaptor MYD88 had no effect on mouse ALI^[@CR38]^; in fact, a protective role of MYD88 was even reported, although protection was independent of IL-1 receptor engagement by IL-1β^[@CR43]^. These experiments were conducted in mice with constitutive MYD88 deficiency and do not rule out a pathological function for MYD88-dependent TLR and IL-1β-mediated signalling in late stages of the disease. However, the temporal contribution of inflammasome-induced IL-1β to viral clearance and/or COVID-19 severity remains to be investigated.

It remains to be clarified whether similar pathways are involved in SARS-CoV-2-mediated activation of inflammatory macrophage responses, the extent of their contribution to disease severity and the therapeutic benefits of targeting the MYD88, TLR and/or IL-1β pathways. It has also yet to be determined whether additional receptors trigger the direct or indirect activation of macrophages by SARS-CoV-2 and what the contribution of these putative receptors may be to COVID-19 disease stages and progression to severe forms of disease. Figure [1](#Fig1){ref-type="fig"} considers potential pathways that may drive hyperactivation of macrophages during infection with SARS-CoV-2.Fig. 1Possible pathways contributing to hyperactivation of monocyte-derived macrophages and hyperinflammation in COVID-19.Several mechanisms likely contribute to the hyperactivation of monocyte-derived macrophages that is seen in patients with COVID-19. Delayed production of type I interferon leading to enhanced cytopathic effects and increased sensing of microbial threats promotes the enhanced release of monocyte chemoattractants by alveolar epithelial cells (and likely also by macrophages and stromal cells), leading to sustained recruitment of blood monocytes into the lungs. Monocytes differentiate into pro-inflammatory macrophages though activation of Janus kinase (JAK)--signal transducer and activator of transcription (STAT) pathways. Activated natural killer (NK) cells and T cells further promote the recruitment and activation of monocyte-derived macrophages through the production of granulocyte--macrophage colony-stimulating factor (GM-CSF), tumour necrosis factor (TNF) and interferon-γ (IFNγ). Oxidized phospholipids (OxPLs) accumulate in infected lungs and activate monocyte-derived macrophages through the Toll-like receptor 4 (TLR4)--TRAF6--NF-κB pathway. Virus sensing can trigger TLR7 activation through viral single-stranded RNA recognition. It is possible that type I interferons induce the expression of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry receptors, enabling the virus to gain access to the cytoplasm of macrophages and to activate the NLRP3 inflammasome, leading to the secretion of mature IL-1β and/or IL-18. IL-1β can amplify activation of monocyte-derived macrophages in an autocrine or paracrine way, but it can also reduce type I interferon production in infected lungs. The engagement of Fcγ receptors (FcγRs) by anti-spike protein IgG immune complexes can contribute to increased inflammatory activation of monocyte-derived macrophages. Activated monocyte-derived macrophages contribute to the COVID-19 cytokine storm by releasing massive amounts of pro-inflammatory cytokines. CCL, CC-chemokine ligand; CXCL10, CXC-chemokine ligand 10; ISG, interferon-stimulated gene; ITAM, immunoreceptor tyrosine-based activation motif; TRAM, TRIF-related adaptor molecule.

Hypercoagulation and MNP activation {#Sec5}
===================================

Importantly, lower platelets counts, increased levels of fibrin degradation products (known as D-dimers)^[@CR44]^ and coagulation abnormalities are being increasingly associated with poor prognosis and could represent a main cause of organ failure and death in patients with severe COVID-19 (ref.^[@CR45]^) (Fig. [2](#Fig2){ref-type="fig"}). Microthrombi of the lungs, lower limbs, hands, brain^[@CR46]^, heart, liver and kidneys^[@CR47]^ have been described in patients with COVID-19. Notably, activation of coagulation and intravascular coagulation is a hallmark of organ injury in sepsis, where it is mainly mediated by inflammatory cytokines^[@CR48]^.Fig. 2Possible contribution of hyperactivated monocytes to coagulation in COVID-19.Circulating pro-inflammatory stimuli, such as viral pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs) and cytokines trigger activation of blood monocytes, which respond by inducing tissue factor membrane expression. Endothelial cells are activated by cytokines and viral particles and produce monocyte chemoattractants and adhesion molecules. Endothelial damage induced by the virus can also expose tissue factor on endothelial cells. Activated monocytes are recruited to endothelial cells. Tissue factor expressed by activated monocytes, monocyte-derived microvesicles and endothelial cells activates the extrinsic coagulation pathway, leading to fibrin deposition and blood clotting. Neutrophils are recruited by activated endothelial cells and release neutrophil extracellular traps (NETs), which activate the coagulation contact pathway and bind and activate platelets to amplify blood clotting. Major endogenous anticoagulant pathways, which include tissue factor pathway inhibitor (TFPI), antithrombin and protein C, are reduced further, supporting coagulation activation. CCL2, CC-chemokine ligand 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TLR, Toll-like receptor; TNF, tumour necrosis factor; vWF, von Willebrand factor.

The initiation of inflammation-induced coagulation leading to an increased coagulation state is almost always mediated by the expression of the tissue factor (TF; also called CD142 or coagulation factor III) pathway^[@CR49],[@CR50]^. TF is expressed on mononuclear cells in response to pro-inflammatory cytokines (mainly IL-6), but TF is also expressed on vascular endothelial cells and is known to promote the transformation of prothrombin into thrombin, which in turn converts circulating fibrinogen into fibrin leading to fibrin-based blood clots^[@CR51]^. In addition, major natural anticoagulant pathways, such as antithrombin or TF pathway inhibitor, are almost always impaired during inflammation, contributing further to the propagation of coagulation. In the absence of vascular injury, the initiation of coagulation is completely dependent on the recruitment of TF-expressing inflammatory monocytes by activated endothelial cells^[@CR52]^ (Fig. [2](#Fig2){ref-type="fig"}). It is also possible that oxidized phospholipids (OxPLs) --- which have been detected in the lungs of patients infected with SARS-CoV^[@CR38]^ --- contribute to the process^[@CR53]^. OxPLs are produced following oxidative stress; they promote the induction of TF expression and inflammatory programmes in monocytes and activate endothelial cells to recruit and bind to monocytes^[@CR53],[@CR54]^. In experimental ALI, OxPLs trigger macrophage activation through the TLR4--TRIF--TRAF6--NF-κB pathway^[@CR38]^. Interfering with monocyte and/or endothelial cell activation in response to OxPLs could help prevent thrombotic complications, especially in patients with COVID-19 who have pre-existing cardiovascular and metabolic comorbidities^[@CR13]^. However, it is important to note that the SARS-CoV-2 entry receptor ACE2 is expressed on arterial and venous endothelial cells^[@CR55],[@CR56]^, where it plays an anti-inflammatory protective effect. Whether the increased coagulopathy observed in patients with COVID-19 is also partly due to direct vascular damage induced by SARS-CoV-2 infection or ACE2 inhibition remains to be determined.

Therapeutic perspectives {#Sec6}
========================

Clinical trials to assess the benefits of inflammatory cytokine blockade targeting IL-6 and IL-1β alone or in combination are in progress (Table [1](#Tab1){ref-type="table"}). Trials examining the blockade of additional myeloid-derived inflammatory cytokines, such as TNF^[@CR57]^ and granulocyte--macrophage colony-stimulating factor (GM--CSF) (NCT04341116), have also been considered and/or initiated. Strategies aimed at broadly interfering with cytokine signalling could also significantly reduce hyperinflammation in patients with severe COVID-19, and several trials testing the use of JAK inhibitors are ongoing. Alternatively, strategies upstream of the production of individual cytokines could represent a broader and possibly more effective way to dampen the occurrence of cytokine release syndromes. Current evidence suggests that pathological macrophages mostly derive from circulating monocytes that massively infiltrate the lungs and other organs rather than from tissue-resident macrophage populations. Circulating CD14^+^ monocytes require the chemokine receptor CCR2 to exit the bone marrow and to accumulate in inflamed tissues^[@CR58],[@CR59]^. CCR2 blockade could potentially help to reduce the accumulation of pathological monocytes in inflamed tissues, although it is likely that redundant mechanisms independent of CCR2 may also contribute to monocyte accumulation in tissues during severe inflammation. Trials targeting CCR5, another chemokine receptor that regulates monocyte and T cell migration, have been initiated in patients with COVID-19 who show mild-to-moderate symptoms of respiratory illness (NCT04343651). Although the antiviral activity of hydroxychloroquine remains uncertain, its immunomodulatory activity in chronic inflammatory diseases is well established^[@CR60]^ and this could have contributed to the reported (although still controversial) clinical benefits of this drug in patients with COVID-19.Table 1Possible therapeutic targets linked to macrophage activation in COVID-19Pathway or molecular targetPotential role of target in COVID-19Drug typeDrug nameClinicalTrials.gov reference number^a^IL-6 signallingPro-inflammatoryAnti-IL-6 receptorTocilizumabNCT04306705; NCT04346355; NCT04320615; NCT04317092; NCT04331808; NCT04335071; NCT04331795; NCT04322773; NCT04333914; NCT04330638SarilumabNCT04321993; NCT04341870; NCT04315298; NCT04322773Anti-IL-6SiltuximabNCT04330638ClazakizumabNCT04348500; NCT04343989IL-1β signallingPro-inflammatoryIL-1 receptor antagonistAnakinraNCT04339712; NCT04341584; NCT04324021; NCT04330638Inflammasome/NLRP3Pro-inflammatoryAnti-IL-1βCanakinumabNCT04330638IRAK4Pro-inflammatory; mediates TLR and IL-1β signallingIRAK4 inhibitorPF-06650833; CA-4948NATLR4--TRIF signallingPro-inflammatoryVariousNo drug approvedNATNF signallingPro-inflammatoryAnti-TNFInfliximab; adalimumab; golimumabNAFab\'-PEGCertolizumabNAFusion TNFR2--IgG~1~--FcEtanerceptNAGM-CSF signallingPro-inflammatory; drives tissue repair in lungsAnti-GM-CSFTJ003234NCT04341116LenzilumabNCT04351152GM-CSFSargramostimNCT04326920M-CSF receptor signallingPromotes macrophage differentiation and survivalM-CSF receptor inhibitorAxatilimabIn progressIFNγPro-inflammatoryAnti-IFNγEmapalumabNCT04324021JAK--STAT signallingPathway mediates cytokine signallingJAK1/JAK2 inhibitorsBaricitinibNCT04321993; NCT04340232; NCT04320277RuxolitinibNCT04348071; NCT04331665; NCT04334044; NCT04354714JAK1/JAK3 inhibitorTofacitinibNCT04332042CCR2Promotes monocyte egress from the bone marrow and monocyte recruitment in tissuesCCR2 and CCR5 antagonistBMS-813160 (not approved)NACenicriviroc (not approved)Clinical trial in progressAnti-CCR2MLN1202 (not approved)NACCR5Promotes monocyte and T cell recruitment in tissuesAnti-CCR5LeronlimabNCT04347239; NCT04343651Complement component C5Drives complement-mediated cell death through formation of membrane attack complexAnti-C5EculizumabNCT04288713CCR, CC-chemokine receptor; GM-CSF, granulocyte--macrophage colony-stimulating factor; IFNγ, interferon-γ; JAK, Janus kinase; M-CSF, macrophage colony-stimulating factor; NA, not applicable; STAT, signal transducer and activator of transcription; TLR, Toll-like receptor; TNF, tumour necrosis factor; TNFR2, tumour necrosis factor receptor 2. ^a^Includes trials not actively recruiting yet at the time of publication.

Based on evidence that interferon responses to coronaviruses deviate from those induced by other respiratory viruses^[@CR37],[@CR61]^, trials testing the administration of type I or type III interferons have been initiated. Type I interferon (IFNαβ) receptors are ubiquitously expressed and type I interferons can drive antiviral effects but also induce the activation of immune cells that could potentially enhance tissue pathology. By contrast, type III interferon (also known as IFNλ) mainly targets epithelial cells as well as a restricted pool of immune cells, and could therefore promote a potent antiviral effect without enhancing pathological tissue inflammation^[@CR62]^. As discussed above, inflammatory macrophages from the lungs of patients with severe COVID-19 exhibit a strong interferon signature and it is possible that, while interferon may be protective during the early stages of the disease, persistent IFNγ production could ultimately drive macrophage hyperactivation as is seen in macrophage activation syndrome. Trials exploring IFNγ blockade in patients with COVID-19 who show respiratory distress and hyperinflammation have been initiated (NCT04324021).

Current models of COVID-19 propose three distinct immune stages that are crucial for the ultimate disease course. In the first stage, early activation of the immune system through the induction of a potent interferon response is important to control the virus. In the second stage, a delayed interferon response may lead to progressive tissue damage. This may ultimately lead to the third stage, a deleterious hyperinflammation characterized by the excessive macrophage activation and coagulation that is seen in patients with severe disease, possibly followed by dysregulation of tissue repair mechanisms and fibrosis^[@CR63]^. The exact drivers of pathological inflammation in COVID-19 remain to be identified, but it is crucial that we establish the pathways involved in the different stages of the inflammatory response to SARS-CoV-2 and determine the contribution of these pathways to ultimate disease outcome. The results of these studies should help identify not only the most relevant immunomodulatory strategies but also the optimal timing of such immunomodulatory interventions to maximize therapeutic effect.

Conclusion {#Sec7}
==========

Although data characterizing the immune and inflammatory status in patients with COVID-19 are only starting to emerge, it is clear that hyperinflammation and coagulopathy contribute to disease severity and death in patients infected with SARS-CoV-2. A better understanding of which subsets of patients are at risk of pathological inflammation and which particular inflammatory pathways drive disease pathology is crucial to develop rationale-based clinical therapeutic strategies. It is critical to start measuring longitudinally and with as much granularity as possible the systemic and potentially local inflammatory responses induced by SARS-CoV-2 and how these pathways are modulated by the different therapies currently used as standard of care or in clinical trials. Although it is difficult to engage in research in the middle of a pandemic, clinical centres that have the means to perform deep-monitoring studies now have the responsibility to conduct such studies and to share their strategies and results with the scientific community.
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